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Reprogramming involves multiple layers of molecular regulation, yet it remains relatively unknown how the
cell’s metabolism is changing and/or contributing to this process. In this issue of Cell Metabolism, Folmes
et al. (2011) demonstrate that reprogramming induces a bioenergetic transition from an oxidative to a glyco-
lytic state, and provide evidence to suggest that these changes may precede pluripotency.The ability of a somatic cell to be induced
back into apluripotent state by the ectopic
expression of just a few transcription
factors (Takahashi and Yamanaka, 2006)
was a remarkable discovery, birthing the
field of ‘‘reprogramming’’ that has since
progressed at lightning speed. Each
week numerous papers shed new insight
into various aspects of reprogramming,
such as the development of newmethods
of delivering reprogramming factors, the
examination of the genetic and epigenetic
changes that occur in the reprogramming
process, or the evaluation of the equiv-
alence of embryonic stem cells (ESCs)
and induced pluripotent stem cells
(iPSCs). As important as these findings
have been and will continue to be for un-
raveling the mystery of how a cell can
actually be reverted back to a stem cell-
like state, an important level of regulation
has gone largely unexplored. How is the
cell’s metabolism changing, and/or con-
tributing to, thisprocess?After all,metabo-
lism plays a fundamental role in essentially
every function of a cell, including its ability
to survive, grow, and differentiate. It is
thusplausible that this typeofmajorcellular
reconstruction would involve significant
changes in cell metabolism.
This is not to say that the metabolism of
somatic and pluripotent cells is com-
pletely unknown. It has been previously
established, for example, that somatic
cells primarily utilize mitochondrial oxida-
tive phosphorylation for their energy pro-
duction, whereas pluripotent cells rely
on glycolysis (Armstrong et al., 2010;
Prigione et al., 2010; reviewed in Facu-
cho-Oliveira and St. John, 2009). But
what Folmes et al. (2011), in this issue of
Cell Metabolism, now examine are the
bioenergetic cellular changes occurring
in a cell before (mouse fibroblasts) andafter (mouse iPSCs) it has been reprog-
rammed, how manipulating metabolism
affects reprogramming, and whether the
metabolic changes are likely playing
a causitive role in the reprogramming
process or are simply a consequence of
acquiring pluripotency.
The authors first demonstrate that
during reprogramming, the mitochondria
change from a mature cristae-rich mor-
phology in somatic cells to more imma-
ture spherical and cristae-poor structures
in iPSCs. Glucose utillization and lactate
production are higher in iPSCs com-
pared to their somatic sources of origin,
whereas oxygen consumption is lower
(Figure 1). Metaboproteome analysis
also revealed that in relation to their
parental fibroblasts, iPSCs have elevated
levels of glycolytic enzymes and de-
creased levels of electron transport
chains. Furthermore, stimulating glycol-
ysis by elevating media glucose levels
increases reprogramming efficiency,
whereas inhibition of glycolysis reduces
reprogramming, in agreement with a
recent report (Zhu et al., 2010). These
combined findings demonstrate that the
process of reprogramming is associated
with a major bioenergetic restructuring
to facilitate a conversion from somatic
mitochondrial oxidation to a glycolysis-
dependent pluripotency state (Figure 1).
One of the most compelling findings in
their work, however, is that it appears
that these glycolytic changes are occur-
ring in cells prior to their acquisition of
pluripotent markers. Using tetramethylr-
hodamine methyl ester (TMRM) fluores-
cence dye, which equilibrates across the
plasmamembrane and serves tomeasure
mitochondrial membrane potential, the
authors found that during reprogramming,
small subsets of cells had high levels ofCell Metabolism 1TMRM uptake. These ‘‘TMRM high’’
cells were present midway during the
reprogramming process (7 days after
transduction of MEFs with Oct4, Sox2,
Klf-4, and c-Myc) and had increased
glycolytic gene expression, which pre-
ceeded the expression of pluripotent
genes in TMRM high cells (14 days after
transduction) (Figure 1). Although the
authors demonstrate that mitochondrial
potential and glycolytic gene expression
are being induced prior to the expression
of pluripotent genes, additional analyses,
such as a more detailed time course, or
measuring glycolytic protein expression
or enzyme function, remain to be investi-
gated. Nevertheless, their combined
results suggest that somatic cells have
to undergo a mitochondrial oxidation
to glycolysis energy switch in order to
reprogram back into a pluripotent state,
and that bioenergetic changes may not
simply be a consequence of acquiring
pluripotency.
Another important implication here is
that high TMRM labeling may be a way to
identify cells that are undergoing reprog-
ramming. There are limitations in the anal-
ysis presented, however, that prevent
knowing at this stage if this is the case.
For example, although TMRM high cells
are shown at later stages to coexpress
pluripotent genes, it is unclear if high
TMRM labeling is specifically labeling
cells that will be reprogrammed, or if
perhaps high TMRM labeling is indicative
of cells that have a higher ‘‘chance’’ of
being successfully reprogrammed. One
approach to distinguish between these
possibilities would be single-cell tracking
to determine if there is a direct correlation
between TMRM labeling and the acquisi-
tion of pluripotent markers. For instance,
it is possible that the transduction of4, August 3, 2011 ª2011 Elsevier Inc. 143
Figure 1. A Schematic Representation of the Metabolic Changes
Associated with the Reprogramming Process
Somatic fibroblasts, which rely on mitochondrial oxidation for energy produc-
tion, switch to glycolysis as a source of energy in pluripotency. TMRM labeling,
whichmeasuresmitochondrial potential, increases in intensity in a subset pop-
ulation of cells during reprogramming. Cells that label high for TMRM show an
increase in the expression of glycolytic genes, which precedes the expression
of pluripotent genes in this cell population. These combined results suggest
that the metabolic changes occurring during reprogramming may play a role
in the induction of a pluripotent state.
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causes metabolic changes in
a population of cells (e.g.,
TMRM high), and that a
subset of that population still
requires additional mecha-
nisms to reprogram to pluri-
potency that are completely
independent of metabolic
events. However, it is also
possible that metabolic
changes occurring early in
the reprogramming process
are required to initiate a full re-
programming response. The
authors speculate, for in-
stance, that a glycolytic burst
during reprogramming could
promote the epigentic reset-
ting that is required for transi-
tion to pluripotency. Future
studies will be required to
better understand how the
metabolism changes occur-ring during reprogramming are directly
and/or indirectly influencing the conver-
sion of a somatic cell to a pluripotent
state.
The findings of Folmes et al. (2011)
bring to light another layer of regulation
that will need to be explored to fully
understand the interplay between the
various molecular mechanisms governing
reprogramming. These answers will also
provide a greater understanding of the
metabolism associated with the acquisi-
tion of stem cell properties. It is of note
that with the induction of pluripotency
come reduced oxygen consumption and144 Cell Metabolism 14, August 3, 2011 ª201a conversion to a glycolytic state, adding
to the list of already existing parallels
between reprogramming and oncogen-
esis (Krizhanovsky and Lowe, 2009). For
example, hypoxic environments maintain
stem cells (reviewed in Mohyeldin et al.,
2010), and hypoxia facilitates the reprog-
ramming process (Yoshida et al., 2009).
Interestingly, a recent report demon-
strated that targeting hypoxia-inducible
factor 1 a (HIF1a) eliminated hematopoi-
etic cancer stem cells, and prevented
the recurrance of acute myeloid leukemia
in a mouse model (Wang et al., 2011).
Thus, understanding how cells acquire1 Elsevier Inc.metabolic stem cell proper-
ties will not only provide
important insight into the
mechanisms of reprogram-
ming, but may also assist in
specifically targeting cancer
stem cells in the future.
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